I. INTRODUCTION
It is well documented that if sufficient energy is deposited into elastic (nuclear) collisions during ion implantation, the material will undergo a phase transformation from the crystalline to the amorphous state. Amorphization of single crystal Si has been studied extensively for the past 20 years because of its application to semiconductor doping. 1 " 7 Amorphization is known to reduce the random channeling tails of light ion implants and to increase dopant activation. In addition, amorphization followed by solid phase epitaxial regrowth can result in a significant decrease in the concentration and stability of implantation related dislocation loops. 8 Few studies of amorphization of compound semiconductors have been reported. 910 During solid phase epitaxial regrowth of GaAs, extensive category III 8 (regrowth related) defects form. Upon annealing, these defect microstructures can evolve from high densities of microtwins and stacking faults into dislocation networks. 11 " 15 The presence of these defects, which also lowers dopant activation, suggests that implantation induced amorphization should be avoided. This has been accomplished by using light ions (i.e., Be, Si), low doses (<1 x 10 14 /cm 2 ), and elevated implantation temperatures (>100 °C). 16 Because of this success, little work on the fundamental nature of the crystalline to amorphous transformation in compound semiconductors has been performed. In order to predict better the conditions necessary to avoid amorphization in compound semiconductors, there is a need to understand the threshold damage density of different alloy systems for a variety of different species and implant conditions. This requires both a fundamental understanding of what solid state properties dominate the amorphization process and accurate experimental data. In addition to predicting how to avoid amorphization, knowledge of the threshold damage density may also allow us to use the defects associated with the solid phase epitaxial regrowth process for other purposes.
Ion implantation and subsequent annealing of compound semiconductor superlattices have been found to enhance AlAs/GaAs superlattice disordering, which is useful for fabricating optical waveguides. It is known that the morphology of the defects arising from the implantation process is related to the formation of an amorphous layer and that the implantation induced defects influence the superlattice intermixing rates.
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Thus optimization of superlattice intermixing also necessitates an increased understanding of the amorphization threshold for different compositions.
II. EXPERIMENTAL

A. Procedure
Eight different semiconductor materials were chosen for ion implantation: Si, AlAs, GaP, GaAs, GaSb, InP, InAs, and ZnSe. A piece of each of the (100) oriented semiconductors was mounted on three 3" silicon wafers and then implanted at 7° off axis. This mounting procedure circumvented the problem of the sensitivity of the threshold damage density to the implant conditions /cm 2 dose and 0.63 fiA/cm 2 for the two higher doses. The implantation temperature was 77 K in order to limit the mobility of point defects and to increase the likelihood of heterogeneous amorphization.
(110) cross-sectional TEM (XTEM) specimens of each of the semiconductors were prepared. All sample preparation procedures were adjusted to minimize specimen heating. A dicing saw was used to cut the materials into thin (200 /xm) strips which were then epoxied together at a temperature of 80 °C for 30 min. The strips were lapped to a thickness of approximately 30-50 pum and placed in an ion mill for their final thinning at 77 K. The microscopy was done on a JEOL 200CX scanning transmission electron microscope (STEM). Micrographs were taken using either a multi-beam (seven beams in the objective aperture) bright-field on axis (110) condition or a bright-field, g 2 2o and g M0 , 2-beam condition. Transmission electron diffraction was used to confirm amorphous phase formation in the subsurface layers.
It has been shown that by comparing calculated plots of the damage density distribution from Brice 21 (Gaussian), Christel et al. 22 (Boltzmann transport equation), or Ziegler and Biersack 23 (Monte Carlo simulations) with the actual depth of the amorphous layer, it is possible to determine the threshold damage density (TDD) for amorphization. 24 This TDD~value is~simply the amount of energy deposited into elastic collisions necessary for amorphization of the material.
The damage density distributions for each of the semiconductor materials were calculated in this study using the Monte Carlo computer program, TRIM'90. Simulations for each material were run for an average of 20000 ions at a simulation depth of 1000 A. This depth was used to ensure that all scattering events were included. The damage density distribution was calculated in a graphing program by multiplying the total vacancies per ion by the implantation dose. This value was then multiplied by the semiconductor binding energy (15 eV) and the appropriate conversion factors to yield the units of keV/cm 3 . An optical microscope was used to measure the amorphous depth of each material from the XTEM negative. This depth was correlated with the calculated damage density distribution tables to determine the corresponding threshold damage density values. The measured depth varied along the TEM negative to give a range of TDD values. The TDD values were plotted with error bars of 30%, which represented the largest calculated error.
Sputtering calculations were conducted to determine if sputtering had an effect on the TDD of the materials, TRIM'90 was used to run the profiles at a simulation depth of 1000 A and at an average of 3400 ions. The total sputtering depth was calculated by using the sputtering yield computed by TRIM'90. For the compound semiconductor materials the sputtering yield for each element was added together to get a total sputtering yield. The total sputtering yield was then multiplied by the implantation dose and divided by the atom concentration in the semiconductor unit cell to yield the sputtering depth. This value was multiplied by the appropriate conversion factors to yield the units of angstroms. The sputtering depth was added to the amorphous depth and the sputter TDD located on the calculated data tables.
B. Results
Figure 1 shows cross-sectional TEM micrographs of GaP, AlAs, GaAs, and ZnSe in the as-implanted condition. After a 1 x 10 14 /cm 2 implant, InP was the only material showing the formation of an amorphous layer. All samples did, however, contain a layer of small dislocation loops. The depths of these loops were within a standard deviation of the projected Si + ion range for all cases except the ZnSe. The defect layer in the ZnSe was much deeper than expected. The depth of this defect layer increased with dose. There were fewer loops observed for AlAs than GaAs, which is consistent with its higher TDD values and is also consistent with RIE studies on the effect of increasing Al content in AlGaAs. 25 Increasing the dose to 1 x 10 15 /cm 2 resulted in the formation of a continuous amorphous layer for all the semiconductors studied except ZnSe. Very little solid phase regrowth was observed in any sample at this dose, except GaSb (Fig. 2) . In order to determine the as-implanted amorphous layer depth for GaSb, the extended defect structure was studied more closely. Formation of stacking faults during SPE of compound semiconductors is well known.
12 For GaSb the SPE related stacking faults originate at a well-defined depth (660 A). This depth was chosen to define the depth of the as-implanted amorphous layer. For the remaining samples, the amorphous/crystalline interface depth measured on the micrograph was used. ), can be noted visually in Fig. 1 where, despite comparable densities and average atomic number (and, accordingly, comparable damage density distributions), it is evident that GaP has a lower threshold dam- /cm 2 amorphizing doses. Table I shows the results of the sputtering calculations. These results indicate that the amount of sputtering, after a 1 x 10 15 /ctn 2 dose, was minimal (a maximum of only 12.7 A for ZnSe). Thus, the lack of any SPE regrowth and the prediction of minimal sputtering indicate that the comparison of the effect of composition to the threshold damage density for amorphization after a 1 x 10 15 /cm 2 dose is relatively accurate. This is plotted in Fig. 3 . Figure 3 also shows the effect of sputtering on the TDD values. At this dose, sputtering appears to have little effect on the TDD values. A discussion of the significance of these trends is presented in the next section.
Increasing the dose to 1 x 10 16 /cm 2 resulted in a number of problems that made determination of the relative TDD values less certain. For ZnSe, the dislocation loop concentration continued to increase and no amorphization was ever observed. Figure 2 shows that the GaSb surface appears to have completely decomposed after implantation with a 1 x 10 16 /cm 2 dose. This phenomenon, which prevented any TDD analysis, may be related to "anomalous disordering".
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' 26 The thickness of the disordered layer (-1500 A) appears to be much larger than the ion range (Rp = 275 A). Other researchers 27 have noted difficulty in characterizing high dose implants into antimony based compound semiconductors (GaSb or InSb). Further study of this phenomenon is in progress.
For the other semiconductors, implantation at the higher doses resulted in an increased amount of SPE regrowth, resulting in some error in the TDD calculation. SPE was identified by the formation of a large number of stacking faults and a deeper damage layer. Significant SPE was observed in AlAs (-90 A SPE), GaAs (-150 A SPE), InAs (-620 A SPE), and InP (polycrystalline). Little (<30 A) or no SPE was observed for Si and GaP.
In addition to increased SPE regrowth upon higher dose implantation, a second error in the TDD calculation may arise from surface sputtering, TRIM calculations suggest that for certain compounds that become amorphous (i.e., GaAs), the sputtered thickness can be as large as =90 A after a 1 x 10 16 /crn 2 implant. Profilometer studies of implanted and unimplanted regions of the GaAs sample (a high sputtering yield sample) were conducted. The profilometer is sensitive (theoretically) to 20 A step heights. Several runs from masked to unmasked to masked regions were made. These results were inconclusive; however, they did suggest that if sputtering was occurring it was equal to or less than 100 A, which is consistent with the TRIM calculations.
For /cm 2 dose. One possible source of error in the TDD values would arise if there was a change in density (i.e., swelling) upon amorphization. Because TEM measures the actual amorphous layer thickness, if any of these semiconductors swell upon amorphization the effective threshold damage density would be reduced. Swelling has been previously observed upon amorphization of SiC 38 and to a lesser extent Si. 3 For a 10 15 /cm 2 dose, SiC swells between 7 and 9% while Si swells 6% (or less). This is comparable to the error in determining the amorphous layer thickness (less than ± 5%). To the best of the authors' knowledge, little or no swelling data exist for the other semiconductors studied, and no density determinations were made in this study.
In an attempt to understand better the trends in the threshold damage density values observed after implantation with 1 x 10 15 /cm 2 Si + , a number of known thermodynamic values were compared as a function of composition. The TDD trends were compared with the melting point, the enthalpy of formation, Pauling's, 31 36 have attempted to calculate the amorphization threshold from first principles. A summary of this theory was given by Kelly.
2 A lower limit for the amorphization threshold is defined as being when the fraction of vacancies in the crystal f v times the energy stored in a vacancy E v is greater than the change in energy between the crystalline and amorphous states AE c^a .
One difficulty with compound semiconductors is that AE c^a is not known. The energy stored in vacancies in the crystal is also not known but would be expected to be proportional to the bond energy. The effect of the entropy makes accurate estimates even more difficult. If the changes in AE c^a were relatively small in magnitude, one might expect the TDD to vary with bond energy (i.e., f v • E v ). None of the bond energy estimates predicted the trends or the magnitude of the changes in TDD with composition. This implies that bond energy estimates alone are insufficient and the additional information on the energy difference between the crystalline and amorphous phases may be necessary before these trends can be predicted from first principles.
In addition to the bond energy affecting the threshold damage density, it is possible there is a change in the mechanism of amorphization with composition. It is known that amorphization in Si at low temperatures occurs via heterogeneous amorphization for heavier ions. There are recent RBS and optical results published by Wesch et al. 19 that indicate upon room temperature ion implantation, GaAs amorphization with heavy ions occurs via homogeneous nucleation whereas GaP shows an increase in defect concentration more indicative of amorphization via heterogeneous nucleation. The GaAs samples that were implanted at low temperature (40 K) and measured at low temperature (40 K) indicate that for both heavy (Bi) and light (N) ion implantation, amorphization is occurring via heterogeneous nucleation. If the GaAs amorphization mechanism changes from homogeneous to heterogeneous upon cooling and the GaP is already heterogeneous at room temperature, then one can conclude that amorphization of GaP at 77 K probably occurs via heterogeneous nucleation. Thus, Si, GaP, and GaAs appear to be amorphized via heterogeneous nucleation at 77 K. In order to determine if one would expect a mechanism change for AlAs or ZnSe, we examine the activation energy for migration of a point defect. An unusually low activation energy for migration could result in a significant collapse of the amorphous ion track (cylinder) leading to a homogeneous amorphization. This, in turn, would lead to a higher threshold damage density as is observed for Si implanted at room temperature with lighter ions. 8 Licoppe et al?
1 recently showed that the activation energy for solid phase epitaxial regrowth (i.e., the amorphous to crystalline transformation) was directly proportional to a characteristic migration energy AE m for vacancies in covalent crystals given by
where M is the average mass of the constituent atoms, W-a is the Debye frequency, and a 0 is the lattice parameter. Table I shows the calculated values of AE m for the semiconductors studied. The observation of significant amounts of IBIEC in AlAs, GaAs, InP, and InAs is consistent with the lower predicted activation energies for SPE.
With respect to the question of the amorphization mechanism, the predicted SPE activation energy for AlAs is equivalent to GaAs. Thus one might expect AlAs also to be amorphized at low temperatures via heterogeneous nucleation. The activation energy for ZnSe is even higher, implying a strong tendency toward low defect diffusivities also favoring heterogeneous nucleation. However, the ZnSe is sufficiently ionic such that this estimate for covalent crystals may not be accurate. In ZnSe, it is possible some point defect may have unusually high diffusivities which could lead to amorphization via homogeneous nucleation and thus a much higher value of the threshold damage density. It is also possible that energy released upon electron-hole recombination during implantation in this wide band gap (Eg -2.7 eV) semiconductor is assisting the collapse of any amorphous tracks.
IV. CONCLUSIONS
The effect of composition on the threshold damage density for amorphization has been studied. 
